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Summary
Objective: The regeneration capacity of cartilage in general is limited. Complete repair of partial thickness articular cartilage has only been
reported in a fetal sheep model. However, in long-term culture studies of articular cartilage explants we have observed outgrowth of chondro-
cytes and neocartilage formation at wound edges. This illustrates that under optimal circumstances articular cartilage is capable to regenerate
hyaline cartilage. Recent studies suggest the presence of mesenchymal stem cells in articular cartilage. In the present study we investigated
the origin of chondrocyte outgrowth and neocartilage formation at wound edges from immature and mature articular bovine cartilage explants
in vitro, in order to understand which cells are responsible for repair.
Design: Full-thickness explants from immature and mature animals were cultured for 4 weeks and superﬁcial and deep zone cartilage explants
of immature animals were separately cultured.
Results: Signiﬁcant more outgrowth was observed from immature explants as compared to mature explants. At wound edges of immature
explants, this outgrowth showed high cell-densities, rounded cells, the extracellular matrix contained proteoglycans and collagen types I
and II. We found proliferation activity both in the superﬁcial zone and deep zone chondrocytes in immature explants, using the Ki67 prolifer-
ation marker. In the experiment culturing immature superﬁcial and deep zone cartilage explants separately, there was abundant new tissue
formation originating from deep cartilage and almost no outgrowth from the superﬁcial cartilage. This indicates that neocartilage originates
from chondrocytes in the deep zone cartilage and not from chondrocytes in the superﬁcial zone cartilage.
Conclusions: Present data can help to understand wound healing in partial-thickness and full-thickness defects of immature and mature car-
tilage and can be of help in ﬁnding methods to stimulate the regeneration of articular cartilage.
ª 2007 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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The regeneration capacity of cartilage in general is consid-
ered to be limited. Articular cartilage is avascular and chon-
drocytes are sitting isolated in a dense extracellular matrix
(ECM) and display a limited proliferation potential. Com-
plete repair of partial articular cartilage injury has only
been reported in one study on fetal sheep1. More mature
cartilage does not repair in cases of partial-thickness carti-
lage defects.
For a long time this was considered to be due to the fact
that cartilage is lacking progenitor cells and consists of one
cell type (chondrocytes). It is now clear that articular chon-
drocytes do not form a uniform population; differences in
proliferation capacity and ECM synthesis rates between
chondrocytes from the superﬁcial, middle and deep layer
of articular cartilage have been shown. Also, distinct mor-
phological differences can be observed between layers2e5.
It is hypothesized that articular cartilage develops by appo-
sitional growth6 and that the surface of (immature) articular*Address correspondence and reprint requests to: P. K. Bos,
M.D., Ph.D., Erasmus MC, Kamer HS 105, Postbus 1738, 3000
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204cartilage contains progenitor cells7. Others have demon-
strated an increased amount of mesenchymal stem cells
in human osteoarthritis (OA) cartilage as compared to
healthy young donor cartilage, in both normal-appearing
and lesional tissue (up to Mankin grade IV)8e11.
In long-term culture experiments using young bovine ar-
ticular cartilage we have observed outgrowth of cells from
explants and neocartilage formation at the wound edges.
It is of interest to ﬁnd out which cells are responsible for
the observed neocartilage formation at wound edges in
this tissue culture experiment: either the suggested progen-
itor cell population in the superﬁcial zone7 or the suggested
mesenchymal stem cells in healthy and OA articular carti-
lage8. Stimulation of these cells in vivo could supply chon-
drocytes to cartilage defects, needed to induce defect
ﬁlling and cartilageecartilage integration. Moreover, in a re-
cent paper, Lu et al. demonstrated outgrowth of chondro-
cytes from minced articular cartilage and suggest this as
a novel source for cell-based cartilage repair12.
In the present study our research questions were: which
cells are responsible for the observed outgrowth of
chondrocytes and neocartilage formation in vitro? Are these
cells capable to form hyaline-like cartilage and is this capac-
ity preserved throughout maturation? We investigated the
outgrowth of neocartilage from immature and mature
articular cartilage explants in vitro. Thionin staining and
205Osteoarthritis and Cartilage Vol. 16, No. 2immunostaining for collagen types I, II and III were per-
formed to characterize the newly formed tissue. The origin
of chondrocytes responsible for outgrowth was investigated
by determinating locations of proliferation with Ki67 immu-
nostaining and by studying outgrowth from separately cul-
tured superﬁcial and deep cartilage explants.Materials and methodsCULTURE EXPERIMENTSFull-thickness explants
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Fig. 1. Graph representing outgrowth of tissue from immature and
mature bovine full-thickness articular cartilage explants cultured
for 4 weeks. Outgrowth at wound edges was semiquantiﬁed and
expressed as area of outgrowth divided by height of explants at
wound edges (mm2/mm).In the ﬁrst experiment, full-thickness cartilage discs were
harvested aseptically from the metacarpophalangeal joints
of 6-month-old calves (immature)(eight legs) and 30-
month-old cows (mature)(eight legs), using 4 mm circular
biopsy punches (Stiefel, Imported by Bipharma, the Nether-
lands) and a sharp scalpel to cut the cartilage loose from
the subchondral bone. A new biopsy punch and scalpel
was used for every four to six explants for all experiments.
Tissue sampling was conducted in accordance with the
rules and regulations of the Erasmus MC animal ethics
committee (DEC). Cartilage explants were cultured for
48 h in separate wells in Dulbecco’s modiﬁed eagle’s me-
dium (DMEM)/Ham’s F12 medium with 2% Fetal calf serum
(FCS) (n¼ 8 for immature cartilage, and n¼ 10 for mature
cartilage). (The immature cartilage explant part of this study
served as control in a previous enzyme treatment study,
therefore explants were cultured for 48 h in the medium
with 2% FCS without further addition.) Explants were sub-
sequently washed thoroughly and cultured for 4 weeks in
DMEM/F12 medium with 10% FCS and 25 mg/ml ascorbic
acid. Medium was changed three times per week. Samples
were harvested, 4% formalin ﬁxed and embedded in paraf-
ﬁn for hematoxylin & eosin (H&E), thionin and collagen II
staining.
To identify the locations of chondrocyte proliferation in the
explants full-thickness discs of both age groups were cul-
tured for 3, 7 and 14 days (n¼ 5 per condition). Discs
were harvested, snap-frozen in liquid nitrogen and embed-
ded in Tissue-Tek (Sakura Finetek Europe bv, The Nether-
lands) for cryosectioning and Ki67 immunostaining.
A second culture experiment was performed to investi-
gate the origin of chondrocytes responsible for the out-
growth of chondrocytes and neocartilage formation.
Cartilage explants from different depths were harvested us-
ing a technique similar to techniques described by
others2,13. Parallel to the surface the superﬁcial layer was
cut with a sharp scalpel (depth: approximately one third of
full-thickness), this was followed by a full-thickness circular
cut with a 4 mm dermal biopsy punch, extending through
the deep zone cartilage, not into the subchondral bone.
Again with a scalpel the remaining middle and deep layers
were cut from the subchondral bone, parallel to the surface
(approximately two thirds of full-thickness). Because the
metacarpophalangeal joint cartilage of 30-month-old cows
is too thin to obtain reliable separation of superﬁcial
and deep cartilage, this experiment was performed on
6-month-old bovine cartilage only.
Both superﬁcial and deep cartilage explants were har-
vested and cultured in separate wells in DMEM/F12 me-
dium with 10% FCS and 25 mg/ml ascorbic acid. Discs
were harvested after 7 days, 2 and 4 weeks (n¼ 10 per
condition), ﬁxed in 4% formalin and embedded in parafﬁn
for H&E and thionin staining. Discs were harvested after 2
and 4 weeks (n¼ 5 per condition), snap-frozen in liquid ni-
trogen and embedded in Tissue-Tek for cryosectioning andcollagen types I, II and III immunostaining. Tendon and skin
samples from the same animals were used as control
tissue.HISTOLOGYFor evaluation of proteoglycan content parafﬁn sections
were deparafﬁnized in xylene, rehydrated through graded
ethanol and stained in 0.04% thionin in 0.01 M aqueous
sodium acetate, pH 4.5 for 5 min. For histological evalua-
tion serial sections were stained with H&E. Outgrowth
was measured in serial sections at a magniﬁcation of
200, using a Sony 3CCD Color video camera, Leica
light microscope and Leica Qwin imaging software. Out-
growth at wound edges was semiquantiﬁed by measuring
the area of outgrowth at the explant wound edges. The
area (mm2) was divided by the height (mm) of the lesion
edge. Results are expressed as outgrowth in mm2/
mmSD. The cell density (expressed as cells/mm2 SD)
in outgrowth tissue was semiquantiﬁed using a 50
50 mm grid at magniﬁcation 200 using a Leica light
microscope.COLLAGEN TYPES I, II AND III IMMUNOSTAININGCollagen type II
Explants from the ﬁrst, full-thickness explant cultures
were ﬁxed in formalin 4% and embedded in parafﬁn.
The sections were deparafﬁnized in xylene and rehy-
drated through graded ethanol. Sections were incubated
with 0.2% pronase (Sigma, St Louis, MO) for antigen re-
trieval and 1% hyaluronidase (Sigma) for better antibody
penetration. The sections were incubated for 2 h at
room temperature with monoclonal II-II 6B3 antibody
(1:100; Developmental Studies Hybridoma Bank, Iowa
City, IA, under contract N01-HD-6-2915 from the NICHD).
Alkaline phosphatase labeled secondary antibody was
used. Alkaline phosphatase activity was demonstrated
by incubation with a New Fuchsine substrate (Chroma,
Kongen, Germany), resulting in a red colored signal. Con-
trol for all antibodies was performed by using an isotype
IgG1 monoclonal antibody. All slides were counterstained
with hematoxylin.
Fig. 2. Wound edge of full-thickness explant. Parafﬁn embedded tissue. Immature (a and b) and mature (c and d) bovine articular cartilage with
newly formed cartilage covering the lesion edge after 4 weeks in culture. Thionin staining (a and c); immunohistochemical staining for collagen
type II (b and d); bar¼ 200 mm.
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Explants from the second, superﬁcial and deep explant
culture experiment were snap-frozen and embedded in
Tissue-Tek. Cryosections were ﬁxed in acetone. Sections
were incubated with 1% hyaluronidase (Sigma, St Louis,
MO) for 30 min for better antibody penetration. Nonspeciﬁc
binding was blocked using 10% normal goat serum (CLB,
Amsterdam, The Netherlands), followed by incubation with
monoclonal antibody for 1 h (Collagen type I ab 6308,
mouse monoclonal IgG antibody, 1:2000; Abcam Ltd.,
Cambridge, UK, collagen II monoclonal II-II 6B3 antibody,
1:100; Developmental Studies Hybridoma Bank, Iowa
City, IA or collagen type III ab 6310, mouse monoclonal
IgG antibody, 1:4000, Abcam Ltd.). Isotype control wasFig. 3. Collagen immunostained cryosections of immature deep explants fo
Cartilage was immunopositive for collagen type II and very weak for collag
types II and I, very wperformed by using Mouse isotype IgG1 monoclonal anti-
body (1:30) (DakoCytomation, X0931). Alkaline phospha-
tase labeled secondary antibody was used. Alkaline
phosphatase activity was demonstrated by incubation with
a New Fuchsine substrate (Chroma, Kongen, Germany), re-
sulting in a red colored signal.VON WILLEBRAND FACTOR IMMUNOSTAININGTo determine whether blood vessels are present in imma-
ture bovine explants, immunostaining for von Willebrand
Factor was performed on formalin ﬁxed and parafﬁn embed-
ded tissue. The sections were deparafﬁnized in xylene and
rehydrated through graded ethanol. Unspeciﬁc reactionsllowing 28 days of culture. (a) Collagen type I; (b) type II; (c) type III.
en types I and III. Outgrowth was immunopositive for both collagen
eak for type III.
Fig. 4. The location of cell proliferation by immunohistochemical staining for proliferation marker Ki67. In full-thickness immature explants
(a) a positive immunoreaction was observed in superﬁcial zone (b) and deep zone (d) chondrocytes, as well as in cells covering the lesion
edge (e). No proliferation activity was observed in the middle zone (c) chondrocytes. Bar¼ 200 mm.
207Osteoarthritis and Cartilage Vol. 16, No. 2were blocked with 10% normal goat serum. Sections were
incubated with von Willebrand Factor monoclonal antibody
in 2% serum (1:30; VW1-2, QED Bioscience Inc., San
Diego, USA) for 1 h at room temperature. Isotype control
was performed by using Mouse isotype IgG1 monoclonal
antibody (1:30) (DakoCytomation, X0931). Alkaline phos-
phatase conjugated goat anti-mouse IgG (Immunotech,
IM0818) and alkaline phosphatase (APAAP, DakoCytoma-
tion, D0651) were subsequently added for 30 min. Visuali-
zation was performed with an alkaline phosphatase
substrate.Ki67 IMMUNOSTAININGYoung bovine superficial and deep explants
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Fig. 5. Graph representing tissue formation at wound edges and
surrounding immature bovine articular cartilage explants cultured
for 4 weeks. Superﬁcial and deep cartilage was explanted sepa-To determine locations of chondrocyte proliferation in the
explants, immunohistochemical staining for expression of
Ki67 was performed on frozen tissue. Cryosections (6 mm)
were cut and mounted on slides. Sections were ﬁxed in
100% acetone, rinsed in steps with phosphate buffered
saline (PBS) followed by 1% H2O2 in methanol and PBS.
Pre-incubated with block buffer and 10% serum, followed
by incubation with primary monoclonal antibody for Ki67
in 2% serum (1:25; Sigma, St Louis, MO) for 2 h at room
temperature. Isotype control was performed by using
Mouse isotype IgG1 monoclonal antibody (1:25). The sec-
ondary antibody was labeled using streptavidinealkaline
phosphatase (Super Sensitive Concentrated Detection Kit,
Bio Genex, San Ramon 94583, USA). Alkaline phospha-
tase activity was demonstrated by incubation with No-
vaRED (Vector, NovaRED substrate kit, cat no. SK-4800).
Slides were not counterstained.rately before culture. After 14 days very little outgrowth was
observed at lesion edges of superﬁcial cartilage, whereas at lesion
edges of deep cartilage a signiﬁcant larger amount of neocartilageDATA ANALYSIS
is formed. Signiﬁcant more outgrowth was observed after 28 days.
Outgrowth at wound edges was semiquantiﬁed and expressed as
area of outgrowth divided by height of explants at wound edges
(mm2/mm).Differences between groups were calculated using
ManneWhitney U test, P< 0.05 was considered statistically
signiﬁcant (*), and P< 0.001 highly signiﬁcant (**).ResultsTISSUE CULTURESIn the initial experiment, using cartilage explants of
6-month-old calves cultured for 4 weeks, we observed out-
growth and neocartilage formation at the wound edges of
75% (6/8) of the explants after 4 weeks of tissue culture.
Neocartilage formation at wound edges of explants was
43.06 34.40 mm2/mm (Fig. 1). The newly formed tissue
showed a high cell density. The cells had a round shape
and the ECM contained proteoglycans, indicated by an in-
tense thionin positive staining [Fig. 2(a)]. Immature cartilage
208 P. K. Bos et al.: Cellular origin of neocartilage formation
209Osteoarthritis and Cartilage Vol. 16, No. 2explants showed positive staining of the newly formed tis-
sue for collagen type II, and also collagen type I but very
weak immunostaining for type III (Fig. 3). Intense thionin
positive staining, rounded cells and immunopositive colla-
gen type II staining indicate that the outgrown tissue con-
tains hyaline cartilage properties [Fig. 2(b)]. However,
positive collagen type I immunostaining indicates that the
tissue should be considered ﬁbrocartilage.
In the same experiment, using articular cartilage ex-
plants of 30-month-old cows, little outgrowth was observed
after 28 days as compared to outgrowth from immature
cartilage explants [Figs. 1 and 2(c)]. At wound edges
of the explants very little outgrowth was observed
(5.12 6.29 mm2/mm) after 28 days of culture. The out-
growth was signiﬁcantly smaller at wound edges of mature
compared to immature cartilage explants (P< 0.001).
Immunohistochemical staining of tissue outgrowth from
mature cartilage explants was negative for collagen
type II [Fig. 2(d)].PROLIFERATING CELLSKi67 immunostaining performed on cryosections of ex-
plants cultured for 3, 7 and 14 days showed positive stain-
ing in superﬁcial zone chondrocytes and in deep zone
chondrocytes in immature explants (Fig. 4). This was a con-
sistent observation. No Ki67 immunoreactivity was ob-
served in the middle zone chondrocytes in any section
[Fig. 4(c)]. In mature cartilage explants no pattern of positive
immunoreaction was observed in the explants after 3, 7 and
14 days. Sporadic immunopositive cells were observed
throughout the explants. A positive staining with Ki67 was
observed in newly formed tissue cells in both immature
and mature explants [Fig. 4(a) and (e)].
H&E staining and immunostaining for von Willebrand
Factor did not reveal any tube-like structures throughout
cartilage explants. Blood vessels were absent throughout
the explants, indicating no vascular contribution to the tis-
sue outgrowth.CELLULAR ORIGINIn the second culture experiment, using immature carti-
lage explants, we cultured the superﬁcial and deep zone ex-
plants separately. After 7 days in culture we observed very
little outgrowth of chondrocytes from the superﬁcial explants
and more outgrowth of chondrocytes from the deep carti-
lage explants (1.41 2.36 mm2/mmand 4.05 5.59 mm2/mm,
not signiﬁcant). After 14 and 28 days of culture, signiﬁcant
more outgrowth (P< 0.001) was observed from deep carti-
lage explants (Fig. 5).
Neocartilage formation often completely surrounding the
explants was observed in 7/10 deep cartilage explants after
14 days and in all deep cartilage explants after 28 days of
culture (Fig. 6). There was no difference in cell density in
outgrowth tissue between superﬁcial and deep explants (at
day28:2640 780and2240 780 cells/mm2, respectively).
Signiﬁcant more outgrowth was observed at lesion edges
of deep cartilage explants as compared to full-thicknessFig. 6. Wound edges of superﬁcial and deep explants of immature bovine
(b) superﬁcial cartilage, 14 days of culture, thionin; (c) superﬁcial cartilage,
thionin; (e) superﬁcial cartilage, 28 days of culture, collagen type II immun
tilage, 14 days of culture, thionin; (h) deep cartilage, 28 days, H&E; (i) de
type II immunostainingexplants in immature tissue (Figs. 1 and 5, P¼ 0.001), pos-
sibly explained by larger wound surfaces or more damage
sustained to the tissue.
As a sign of proliferation capacity, in immature cartilage
explants we observed a positive Ki67 immunoreactivity in
both superﬁcial and deep zone cartilage throughout the cul-
ture experiments (after 3, 7 and 14 days). Cluster formation,
was observed at wound edges of superﬁcial explants in 2/
10 after 14 days and 7/10 after 28 days. Cluster formation
was observed only once in a deep cartilage explant after
14 days. This may indicate that superﬁcial zone chondro-
cytes are capable to proliferate following injury but the
amount of cells that grows out and the location of cell divi-
sion are not sufﬁcient to form new cartilage tissue.
Discussion
We have shown in a bovine articular cartilage culture ex-
periment that chondrocytes are able to grow out of explants
cultured for 4 weeks and form new cartilage, with ﬁbrocarti-
lage characteristics. The new tissue formation starts at the
wound edges. In an attempt to identify the cell source re-
sponsible for outgrowth and neocartilage formation we
have shown proliferation activity both in the superﬁcial
zone and deep zone chondrocytes in immature explants.
Cartilage from the middle zone did not show proliferation
activity. This is in accordance with studies using tritiated
thymidine injection in neonate rabbits that demonstrated
two proliferative zones in the joints, one above the subchon-
dral bone and one just beneath the articular surface14,15. A
second experiment was performed and showed that the
neocartilage originates from chondrocytes in the lower
zones of the cartilage and not from the superﬁcial zone car-
tilage. Abundant new tissue formation was observed origi-
nating from deep cartilage and almost no outgrowth
occurred from the superﬁcial cartilage. Although deep carti-
lage explants have two horizontal cut edges and superﬁcial
explants have one, the 6.3 fold increase in outgrowth is re-
markable. Furthermore, newly formed tissue from the
deeper cartilage zones contains a high cell-
density, shows intense positive proteoglycan staining, is im-
munopositive for collagen types I and II and negative for
type III. Whereas, the few cells observed at wound edges
of mature explants show ﬁbrous tissue characteristics
(immunonegative for collagen type II and less intense
proteoglycan staining).
Outgrowth of chondrocytes from explant wound edges
in vitro with formation of monolayers has been described
before12,16e18. However, the origin of chondrocytes respon-
sible for the outgrowth and the formation of neocartilage
have not been demonstrated before. Healing of cartilage
lesions with ﬁbrocartilage only appears to occur when pro-
genitor cells from the bone marrow enter an articular carti-
lage lesion after penetration of the subchondral bone19. In
our culture set-up using full-thickness articular cartilage
explants from 6-month-old calves or 30-month-old cows
progenitor cells from the bone marrow are not present. An-
other cell source suggested by Hunziker and Rosenberg to
be able to repair articular cartilage defects is the synovial
lining20. This type of cells is also not present in our culturearticular cartilage. (a) Superﬁcial cartilage, 14 days of culture, H&E;
28 days of culture, H&E; (d) superﬁcial cartilage, 28 days of culture,
ostaining; (f) deep cartilage, 14 days of culture, H&E; (g) deep car-
ep cartilage, 28 days, thionin; (j) deep cartilage, 28 days, collagen
. Bar¼ 200 mm.
210 P. K. Bos et al.: Cellular origin of neocartilage formationset-up. We therefore were initially surprised that the cul-
tured cartilage explants expressed formation of new carti-
lage tissue attached to the explant in the initial culture
experiment (Fig. 2). The newly formed tissue showed
a high cell density. The cells had a round shape and the
ECM contained proteoglycans and collagen type II.
The neocartilage formation was surprising and at ﬁrst the
similarity with previous culture experiment of ear cartilage
with perichondrium occurred to us. Despite the absence
of repair or regeneration of damaged articular cartilage by
chondrocytes, cartilage structures in the head and neck re-
gion are known to show some healing capacity. The neo-
cartilage formed here originates from proliferation of
progenitor cells in the inner layer (cambium layer) of peri-
chondrium21,18. Articular cartilage is not lined by perichon-
drium and repair of articular cartilage injury by the
chondrocytes generally is considered not to happen. How-
ever, recently it has been suggested that the superﬁcial
zone cartilage plays an important role in morphogenesis
of diarthrodial joints22. Furthermore, in enzymatically iso-
lated chondrocytes of 7-day-old calves the presence of
a progenitor cell population in the superﬁcial zone has
been postulated7. These cells may form an unlimited cell
source and may therefore be the ideal cell population for ex-
pansion in culture to obtain the high amounts of cells
needed for tissue engineering graft development. However,
for techniques aiming at in situ induction of repair tissue
(neocartilage formation in defects or cartilage wound heal-
ing) the question remains, which cells are capable to grow
out of whole tissue explants (or lesion edges in vivo),
form new cartilage tissue and retain the ability to form colla-
gen type II and proteoglycans. A possible explanation for
the difference in outgrowth could be that following injury
deep zone chondrocytes enter the cell division cycle more
rapidly than superﬁcial chondrocytes do, as suggested in
a recent review by Archer et al.23. Early proliferative reac-
tion of basal zone chondrocytes might explain the increased
outgrowth observed in our experiments.
In a recent study the presence of mesenchymal progeni-
tor cells in normal and osteoarthritic adult human articular
cartilage was shown by analyzing isolated chondrocytes
for the expression of cell surface markers known to deﬁne
mesenchymal stem cells in bone marrow and perichon-
drium. Even in severe OA cartilage lesional tissue (Mankin
grade IV, where most of the superﬁcial zone is damaged or
disappeared24) up to 15% mesenchymal progenitor cells
were identiﬁed8.
We suggest that deep zone articular cartilage in young in-
dividuals contains chondrocytes capable of proliferation
while retaining their cartilage phenotype. These cells are
able to form new cartilage tissue.
Young and adolescent animals with open physes have
a greater spontaneous healing response and earlier spe-
cialization of repair-tissue in full-thickness defects than do
mature animals25. It is suggested that the improved repair
and durability of repair tissue in young subjects is the result
of superior initial healing response26. Using autoradiogra-
phy after labeling with 3H-thymidine and 3H-cytidine it is
demonstrated that chondrocytes from cartilage bordering
defects did not participate in the repopulation of full-thick-
ness osteochondral cartilage defects in vivo. It is suggested
that repair originates wholly by proliferation and differentia-
tion of mesenchymal cells of the marrow19. Shapiro et al.
observed no label in chondrocytes immediately adjacent
to cartilage defects at periods of 1e10 days. This may be
explained by cell death observed in cartilage wound
edges27e29. However, in all the other chondrocytes, normaland repair cartilage, incorporated label was demonstrated.
From the present study we suggest that in vivo, in the
younger subjects, a part of the repair might originate from
proliferation of chondrocytes in the cartilage bordering full-
thickness defects. This repair process may also explain
repair of partial thickness wounds in fetal animals.
The fact that spontaneous repair of partial-thickness artic-
ular defects in non-fetal cartilage is never seen in vivo can
have several causes. First, the progenitor cell properties
can be lost due to further maturation or due to disappear-
ance of the deeper zone at the moment of secondary ossi-
ﬁcation in the epiphysis. In our experiment with mature
cartilage explants, the loss of proliferation capacity in ma-
ture cartilage was conﬁrmed by immunonegative Ki67 pro-
liferation marker staining.
On the other hand, it may very well be that the
chondrocytes lack a certain stimulus to induce proliferation
and differentiation. The nutritional and biomechanical
circumstances in a moving joint in vivo may not allow the
formation of neocartilage in vivo, whereas in vitro the cir-
cumstances are more optimal to induce proliferation and
differentiation. Pro-inﬂammatory factors such as IL1, IL6
and TNFa or cytokines present in synovial joints following
joint trauma, synovitis and effusion, may limit proliferation
and tissue formation in vivo.
Present data can help to understand cartilage defect ﬁll-
ing and wound healing in partial-thickness and full-thick-
ness defects observed in immature animals.
Although it remains questionable whether our results are
of value for adult subjects with isolated articular cartilage
defects, we have shown that articular cartilage itself is
able to regenerate cartilage tissue. With proper stimulation,
chondrocytes in young adults may be stimulated to express
such regenerative response.
Further research has to reveal the answers to the questions
mentioned above and to the question how this knowledge can
be implemented in current strategies to stimulate articular car-
tilage repair. It also remains to be seen if in OA cartilage,
where the superﬁcial cartilage is cracked, grooved or com-
pletely disappeared, chondrocytes from remaining deeper
layers can be stimulated to proliferate and form new tissue.Conclusion
In the present study we demonstrate the capacity of
chondrocytes in immature explants to grow out after exper-
imental wounding and form new cartilage tissue. Chondro-
cytes from deep zone cartilage in these explants are able
to proliferate and form abundant amounts of new tissue. Re-
pair of partial-thickness defects in immature animals in vivo
may be explained by these observations. In full-thickness
articular cartilage defects and in patients treated with de-
bridement and subchondral penetration repair is considered
to originate from bone marrow mesenchymal stem cells
alone. The present study suggests that a part of the repair
might originate from cells grown out of wound edges. Fur-
ther study on outgrowth of these cells and stimulation of
this process may help to improve cartilage wound healing
and integrative cartilage repair.Acknowledgments
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